In order to improve biocompatibility of Ti metal substrates, 1-lm-thick nanostructured hydroxyapatite (HAp) coatings were deposited on the substrates through aerosol deposition, which sprays HAp powder with an average particle size of 3.2 lm at room temperature in vacuum. The original HAp particles were fractured into nanoscale fragments to form highly dense coating during the deposition process. Density of the HAp coating was 98.5% theoretical density (TD). Transmission electron microscopy observation revealed that the as-deposited coating consisted of HAp crystallites with average grain size of 16.2 nm and amorphous phase. Tensile adhesion strength between the coating and the substrate was 30.571.2 MPa. Annealing up to 5001C in air increased crystallinity and grain size in the coating without any delamination or crack according to X-ray diffraction analysis and electron microscopy. MTS assay and alkaline phosphatase activity measurements with MC3T3-E1 preosteoblast cell revealed that the biocompatibility was greatly improved by postdeposition heat treatment at 4001C in air due to well-crystallized HAp with average grain size of 29.3 nm. However, further heat treatment at 5001C deteriorated biocompatibility due to rapid growth of HAp grains to average size of 99 nm. Cross section of the coating on a commercially available Ti dental implant revealed full coverage of the surface with HAp.
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I. Introduction
T HE hydroxyapatite (HAp) coating on Ti has been the subject of numerous research works [1] [2] [3] [4] for surgical implant related applications due to its excellent biocompatibility for promoting tissue fixation on implants. Plasma spraying is one of the most frequently appearing methods for HAp coating in literature. [1] [2] [3] It is also a commercialized method for HAp coating on metallic implants due to its effectiveness and economic merits. However, the previous reports.
1,2 indicate problems such as decomposition of HAp into many different calcium phosphate phases including amorphous calcium phosphate, tetracalcium phosphate (Ca 4 P 2 O 9 ), tricalcium phosphate (Ca 3 (PO 4 ) 2 ), and oxyhydroxyaptite (Ca 10 (PO 4 ) 6 (OH) 2Àx O x ). There is a possibility that some of the above calcium phosphates were used to prepare the HAp after heating to a high temperature above 5001C. [3] [4] [5] On the other hand, sol-gel coating 6 and electron beam deposition 7 produced amorphous calcium phosphate coatings on Ti, which transformed into well-crystallized HAp upon heating to 5001C. At the same time, uncoated portion of Ti metal was oxidized. Besides the required postdeposition heat treatment, the two coating methods often did not produce full-coverage coating on the threads of dental implants. Biomimetic coating developed by Kokubo et al. 8 was an attractive method for HAp coating because it produced bonelike apatite at room temperature. However, predeposition heating of Ti needed to be at 6001C. Also, low adhesion strength (9.8-11.5 MPa) between the coating and Ti among other things certainly needed further improvement. Although the coating speed was greatly improved by using a concentrated simulated body fluid, as reported by Tas and Bhaduri, 9 the adhesion strength was still at a low of about 12 Mpa. Besides the mentioned methods, there are many HAp coating processes some of which are listed in reference Sun et al.
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Grain size as well as the chemistry of calcium phosphate affected biocompatibility. Webster et al. 10 reported that functions of osteoblasts on ceramics with grains smaller than 100 nm were significantly enhanced compared with those on ceramics with larger grains. They explained that the enhanced osteoblast functions were related to the nanoscale apatite similar to that found in natural bone. Sato et al.
11 also compared functions of osteoblasts on nanocrsytalline and microcrystalline HAp through the in vitro study. Significantly improved osteoblast functions were observed on nanocrystalline HAp compared with those on microcrystalline HAp. Li 12 demonstrated excellent bone growth in the gap between nanoapatite-coated Ti plates. Therefore, nanocrystalline HAp coating on Ti seems desirable for implants if it can be accomplished at a low temperature (o5001C). In the present study, we sprayed HAp powder on Ti substrates at room temperature in vacuum to make a dense nanostructured HAp coating. This coating method is also called aerosol deposition. 13 After deposition, some of the coated samples were heated up to 5001C for examining the changes in the microstructure and biocompatibility of HAp coating.
II. Experimental Procedure
(1) Coating Process A commercially available HAp powder (Alfa Aesar, Ward Hill, MA) with nanocrystalline primary particles was heated to 12001C for 1 h in air. Then, the powder was ball milled for breaking the particles using yttria-stabilized zirconia balls with 5 mm in diameter (Nikkato Corp., Tokyo, Japan) for 24 h. The powder was subjected to the second heat treatment at 9001C for 1 h for healing the damage produced on the particles by ball milling. The average particle size of HAp powder after the above preparation procedure was 3.2 mm as measured by a dry particle size analyzer (Helos, Sympatec, Clausthal-Zellerfeld, Germany). Coating was performed using the powder spray coating apparatus built in house. A schematic diagram for the apparatus is shown in Fig. 1 . It consists of a carrier gas supply system with mass flow control, powder chamber containing the above HAp powder, and deposition chamber with motored X-Y stage and nozzle evacuated by rotary vacuum pump with mechanical booster. The three parts are all connected by Teflon tube with 6.35 mm in diameter. Tape was used to fix commercial purity Ti substrate on a steel plate which was fixed to the motored X-Y stage using magnets. About 50 g of the HAp powder was poured into the powder chamber that was shaken during coating, making fine particle suspension in the upper portion of the chamber. The deposition chamber was evacuated to 0.65 Pa. Oxygen (99% purity) was used as a carrier gas and flew at 5 Â 10 À4 m 3 /s for carrying fine HAp particles from the powder chamber, spraying them vertically onto the substrate through a nozzle with a slit type opening (0.5 mm Â 25.4 mm) in the deposition chamber. At the same time, a motor for the X-Y stage was turned on, moving the substrate at 1 mm/s. Three kinds of Ti substrates were used for HAp coating; 10 mm Â 10 mm Â 0.5 mm plate, +25.4 mm Â 0.7 mm disk and a commercially available dental implant (Dentium, Seoul, Korea). During deposition, pressure of the deposition chamber was 920 Pa. As-deposited sample was named as HA. Some of HAp coated samples were heated to 4001 and 5001C in air which were labeled as HT400 and HT500, respectively. All the samples were cleaned in an ultrasonic bath and washed using ethanol.
(2) Characterization Density of the HAp coating was measured by liquid immersion method using xylene as liquid medium. Weight of the bare Ti plate was measured before and after immersion in xylene. Then, 100 mm-thick HAp coating was deposited on the Ti plate. Weight of the HAp-coated Ti plate was measured before and after immersion in xylene. In this way, weight of the HAp coating before and after immersion in xylene was obtained and the density of HAp coating was calculated. X-ray diffractometer (D/Max 2200, Rigaku, Tokyo, Japan) was employed for phase analyses of the HAp powder just before spraying as well as HAp-coated Ti samples. The microstructure of HAp coating was examined using scanning electron microscopy (JSM-5800, Jeol, Tokyo, Japan) and transmission electron microscopy (TEM) (JEM-2000FX II, Jeol). A standard sample preparation procedure including grinding, dimpling, and ion milling was followed for preparing TEM samples. HAp crystallite size in the coating was measured with TEM micrographs using an image analysis software (Image-Pro Plus, version 3.0, Media Cybernetics, L. D., Silver Spring, MD). 280, 200, and 100 HAp grains were measured from HA sample, HT400 sample and HT500 sample, respectively. Tensile adhesion strength tests were performed according to ISO 13779-4. Ti disks with 25 mm in diameter and 0.7 mm in thickness were coated with HAp on one side. Both top and bottom surfaces of HAp-coated disks were glued to the fixture of universal testing machine (100THZ727 100TON, Wolpert Wilson Instruments, Aachen, Germany) using a high strength epoxy (3M Scotch-Weld Epoxy Adhesive 2214, 3M Corp., St. Paul, MN). Five adhesion strength measurements were performed for each of the three samples, i.e. HA, HT400, HT500 samples.
The MC3T3-E1 preosteoblast cells (ATCC, CRL-2593, Manassas, VA) were used to characterize the cell proliferation and differentiation behaviors. The cells were cultured in a-minimum essential medium (Join Bio Innovation, Seoul, Korea) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO, Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 5 Â 10 7 IU/m 3 of penicillin, and 0.05 kg/m 3 of streptomycin at 371C in a humidified atmosphere of 5% CO 2 and 95% air. The plate samples with dimensions of 10 mm Â 10 mm Â 0.5 mm with and without the HAp coating were used for the cell tests. For the cell proliferation tests, the cells were seeded at a density of 30 cells/mm s Aqueous One Solution kit, Promega, Madison, WI), and returned to the 371C incubator for 3 h. Finally, the plate was read at an absorbance of 490 nm using a microplate reader (Biorad, Model 550, Hercules, CA).
For the measurement of the alkaline phosphatase (ALP) activity, the cells were cultured for 10 days, washed with PBS and detached using trypsin/ethylenediaminetetraacetic acid. After centrifugation, the cell pellets were resuspended in 1% Triton X-100 solution and disrupted by means of a cyclic freezing/ thawing process. The amount of protein in the cell lysates were quantified using a protein assay kit (Biorad) and the ALP activities were assayed colorimetrically using p-nitrophenyl phosphate as the substrates (ALP yellow liquid substrate for ELISA, Sigma, St. Louis, MO). The absorbance of the reaction product, p-nitrophenol, was measured at 405 nm using a microplate reader. The cell proliferation and differentiation tests were performed on five replicate samples, and the mean and standard deviation were obtained for each sample. Statistical analysis was performed using Student's t-test, in which the statistical significance was considered at po0.01.
III. Results
After the powder preparation procedure, the particles were mainly single crystals as shown in Fig. 2. Figure 3 shows that the X-ray diffraction (XRD) pattern from the powder just before deposition corresponded well to the HAp pattern of JCPD 9-432. Figure 3 also indicates that HAp peaks and Ti peaks without any other crystalline phase were detected from HA, HT400, and HT500 samples. HAp peaks from HA sample were weak and broad compared with those from HAp powder suggesting HAp grains in the coating were very fine. They became strong and sharp as the postdeposition heat treatment temperature was increased. In Fig. 4(a) , HAp coating was dense without any observable pore or crack and no delamination was found from the interface of the Ti substrate. Fig. 4(b) shows a dimpled surface on microscale. These dimples were craters on the surface, not pores as evidenced from the cross sectional view of the coating shown in Fig. 4(a) Figure 5 shows the surface of HA sample after the tensile adhesion strength test. A part of HAp coating was peeled off the Ti substrate. A part of the HAp coating remained and some epoxy was also observed on the HAp coating. Therefore, the failure occurred between the (Fig. 7(a) ). (Fig. 7(c) ) and the amorphous region disappeared. Further heat treatment at 5001C for 1 h resulted in a rapid growth of the grains to an average size of 99.7 nm in the coating (Fig. 7(d) ). Some grains in Fig. 7(d) were bigger than 100 nm.
MT3C3-E1 preosteoblast cells proliferated well on HApcoated Ti compared with those on bare Ti which was used as control (Fig. 8) . ALP activity of MT3C3-E1 cells was also enhanced on HAp-coated Ti (Fig. 9) . The ALP activity was enhanced to more than three times compared with the bare Ti after the postdeposition heat treatment at 4001C. However, further heating of HAp coated Ti at 5001C significantly decreased ALP activity of the cells.
IV. Discussion
Like other ceramic coatings fabricated by aerosol deposition, 13, 15 HAp coating in the current study had dense microstructure. That is well compared with HAp coating prepared by plasma spraying that often created cracks and pores in the microstructure. 16 Dense microstructure of a coating is often important for reliable performance. Mechanism for ceramics coating by the current method should involve breakage of large particles such as those shown in Fig. 2 into nanoscale fragments as shown in Figs. 7(a) and (b) . When the particle size was in nanometer scale, dense ceramic coating was obtained even at room temperature by particle deposition as previously reported by Zhang et al. 17 Adhesion strength (30.571.2 MPa) of HAp coating and Ti substrate in the current study might not be among the highest values reported to date but is higher than the values reported for biomimetic nanoapatite coating 8 and for plasma sprayed HAp coating. 16 One thing that should be mentioned is the high deposition rate of the current coating method. It takes only 10 s to coat the 10 mm Â 10 mm area with 1 mmthick HAp coating.
Heat treatment of the coated sample changed the size and shape of HAp crystallites as well as the biocompatibility. HAp Fig. 2 . Transmission electron microscopy micrograph and SAD pattern of HAp powder just before deposition; SAD pattern from the indicated region suggesting that the particles were single crystals.
nm
crystallite size slowly increased from 16.2 to 29.3 nm when heated at 4001C. Crystallinity of the coating showed visible improvements by the same heat treatment as indicated by increased intensities of HAp peaks in Fig. 3 . In other words, HAp grains in the coating grew slowly and the amorphous phase was fully crystallized by the heat treatment at 4001C. According to Kweh et al. 4 , there was no significant improvement of crystallinity in plasma-sprayed HAp coating on Ti when heated at 4001C. In this study, HAp crystallites as well as amorphous region in as-deposited coating were smaller than a few tens of nanometers that was presumably much smaller than those in plasma-sprayed HAp coating. In other words, there were much more HAp crystallites onto which amorphous phase can be easily transformed into HAp. In that way, HAp crystallites grew at the expense of amorphous phase even at a low temperature of 4001C. When the temperature was further increased to 5001C, relatively large grains grew rapidly at the expense of fine grains as shown in Fig. 7(d) .
Both viability and ALP activity of the cells were improved on HAp-coated Ti as shown in Figs. 8 and 9 . The best results of the cellular tests were obtained from HT400 sample. According to Lee et al. 18 , biocompatibility of the apatite was improved by adding bio-glass. The enhanced osteoblastic proliferation and differentiation was explained in terms of increased ionic release from resorbable phase like b-TCP that was formed by reaction between the glass and apatite during sintering at 12501C. However, Hu et al. 19 reported that ALP activity was higher on nanocrystalline HAp than on amorphous calcium phosphate with comparable particle size although amorphous calcium phosphate was known to be much more resorbable than crystalline HAp. Average grain size of the current HAp coating was smaller than 30 nm even after the heat treatment at 4001C. Therefore, the improvement in biocompatibility of the HT400 sample compared with that of HA sample can be ascribed to disappearance of amorphous phase while keeping the size of HAp grains in nanoscale range. According to Webster et al., 20 vitronectin, a protein facilitating adhesion of osteoblasts, adsorbed onto the nanophase HAp more efficiently than conventional HAp with grains larger than 100 nm. It was also reported that ALP activity of osetoblasts on HAp ceramics was decreased as the grain size was increased. 10 Lower ALP activity of the preosetoblasts on HT500 sample than that on the HT400 sample was in part due to significant growth of HAp grains of the former sample. Av-100 µm (a) erage grain size of HT500 sample was about 100 nm, which is much larger than that of HT400 sample.
V. Conclusions
By spraying HAp powder at room temperature in vacuum, dense crack-free nanostructured HAp coating was prepared on Ti substrates with adhesion strength of 30.571.2 MPa. Density of the HAp coating was 98.5% TD. The coating contained both HAp crystallites with average size of 16.2 nm and amorphous phase. Heating at 4001C resulted in slow growth of the crystallites to 29.3 nm. HAp grains grew rapidly to near 100 nm after heating at 5001C. Both viability and ALP activity of preosteoblasts were greatly improved on HAp-coated Ti after the heat treatment at 4001C due to nanocrystalline HAp grains that consumed amorphous phase. Combined results of XRD, TEM, and in-vitro cellular tests showed that nanostructured HAp coating with high crystallinity exhibited the greatly improved biocompatibility. The coating process was fast and effective for full surface coverage of threads of a commercial dental implant. 
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